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The focus of the effort during the project period from 9/16/98 to 6/15/99 has been on the synthesis, aggregation, and coordination chemistry of silyl-containing diphosphonic acids that potentially could be useful as solvent extraction reagents in supercritical CO 2 . A homologous series of alkylenediphosphonic acids was esterified with 3-(trimethylsilyl)-1-propanol to the symmetrically-substituted diesters. The silicon-containing alcohol 3-(trimethylsilyl)-1-propanol was chosen for esterification of the diphosphonic acids because it contains both a silyl group and a trimethylene linker. Separating the trimethylsilyl from the organo-functional group by three carbon atoms is optimal for achieving chemical stability and synthetic accessibility.
The synthesis of these compounds utilizes methodology that relies on dicyclohexylcarbodiimide as the esterification reagent to activate the acid (Figure 1 ). The yields in this esterification reaction are comparable to those we obtained previously with C 8 alkyl alcohols, i.e. ~60%. This is a significant improvement over the yields reported for dialkyl esters of methylenediphosphonic acid prepared by Nylen's method.
The purity of the products was established by 1 H and 31 P NMR spectroscopy, potentiometric titration, and elemental analysis. The purified P,P'-di-[3-(trimethylsilyl)-1-propylene] alkylenediphosphonic acids each show a single sharp resonance in the 31 P NMR spectra. As expected, the 31 P resonance of the diester shifts to lower field as the separation between the phosphonate groups increases. The 1 H NMR spectra of the diesters exhibit resonances of the expected intensities and splitting patterns in the appropriate spectral regions. Elemental analysis shows good agreement between observed and calculated percent composition.
The aggregation properties of the P,P'-di-[3-(trimethylsilyl)- Metal complexes of P,P'-di-[3-(trimethylsilyl)-1-propylene] methylenediphosphonic acid were prepared by precipitation of the neutral diphosphonate salts from methanol solution at room temperature. The metal complexation properties of this ligand were found to be similar to those of the previously studied di-(2-ethylhexyl) methylenediphosphonic acid. Qualitative information about phosphonate coordination modes in metal complexes of H 2 TMSP[MDP] was obtained using infrared spectroscopy. The shift of v asym (POO - ) and v sym (POO - ) to lower frequency in the IR spectra of the metal complexes relative to their values in the sodium salt indicates symmetrical coordination of the phosphonate groups through chelate and/or bridging interactions. The frequency difference ∆ν ∆ν ∆ν ∆ν between the symmetric and asymmetric POO -stretching bands in these compounds was investigated as a function of the ionic potential e/r of the metal ion. The frequency difference between the POO -stretching bands becomes smaller as the ionic potential of the metal ion increases. The origin of this effect presumably is a change in the P-O bond order that arises from a change in the strength of the metal-diphosphonate interaction. The change in bond strength could result from P-O bond polarization and/or covalency effects.
A poster presentation entitled "Functionalized Diphosphonic Acid Ligands for Metal Ion Coordination in Supercritical Carbon Dioxide" describing this work will be presented in the symposium "First Accomplishments of the Environmental Management Sciences Program" sponsored by the Division of Nuclear Chemistry and Technology at the 218th National ACS Meeting in New Orleans on August 22, 1999.
